similar diameter (that is, samples 2 and 1,
respectively). We believe that this compar-
ison demonstrates the importance of study-
ing individual nanotubes that are structur-
ally characterized to determine their intrin-
sic properties. It is also interesting to con-
sider if it will be possible, by introducing
defects directly with the probe tip or by
other means, to probe systematically the
effects of electron scattering in these one-
dimensional structures.

The sensitivity of resistivity to structur-
al imperfections must be accounted for
to determine ultimately the intrinsic con-
ductivity of nanotubes but may also allow
tailoring of the resistance of these materi-
als for applications. We believe that our
experimental approach opens the door to
developing a clear understanding of nano-
tube electrical transport and to testing
theoretical predictions, although this will
require careful studies of the temperature
and diameter dependencies of the resistiv-
ity in structurally characterized samples.
The approach outlined here should be
applicable to probing of the intrinsic elec-
trical properties of metal-filled nanotubes
(18), carbide nanorods (I11), and boron
nitride nanotubes (19) and furthermore
may be able to assess the validity of
the term “molecular wire,” which has
been widely applied to organic and biolog-
ical nanostructures (I, 7). Lastly, we note
that the experimental approach outlined
in Fig. 1 can be generalized to measure
the mechanical properties of nanoma-
terials and thereby address their applica-
bility in composites and other structural
systems (20).
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Teleconnections Between the Subtropical
Monsoons and High-Latitude Climates
During the Last Deglaciation

F. Sirocko,* D. Garbe-Schénberg, A. Mcintyre, B. Molfino

The major deglacial intensification of the southwest monsoon occurred at 11,450 = 150
calendar years before present, synchronous with a major climate transition as recorded
in Greenland ice. An earlier event of monsoon intensification at 16,000 = 150 calendar
years before present occurred at the end of Heinrich layer 1 in the Atlantic and parallels
the initial rise in global atmospheric methane concentrations and the first abrupt climate
changes in the Antarctic; thus, the evolution of the monsoonal and high-latitude climates
show teleconnections but hemispheric asymmetries. Superimposed on abrupt events, the
monsoonal climate shows high-frequency variability of 1785-, 1450-, and 1150-year
oscillations, and abrupt climate change seems to occur when at least two of these

oscillations are in phase.

Major regions of the Northern Hemisphere
are influenced either by Atlantic-controlled
winds and precipitation or by the monsoons
(Fig. 1). To evaluate physical links between
these two large-scale systems, we compared
their climatic history during the transition
from the last glacial epoch into the Holo-
cene as recorded in Greenland ice cores and
in deep-sea sediments from the Arabian
Sea. First observed by Dansgaard et al. (1)
and confirmed by the ice cores of the
Greenland Ice Core Project (GRIP) and
Greenland Ice Sheet Project I (GISP2) (2,
3), the first abrupt deglacial warming event
over the North Atlantic and Greenland
occurred 14,500 £ 150 calendar years be-
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fore present (B.P.), followed by another
warming event at 11,600 = 150 calendar
years B.P. (Fig. 2). The increase in global
atmospheric methane concentrations, in
contrast, as recorded in the GRIP ice core,
started about 16,000 calendar years B.P.
(4), indicating an early onset of environ-
mental change in the tropics, where most of
the modern methane is produced in wet-
lands. The first deglacial change in wind
trajectories and dust content over Antarc-
tica also started at about 16,000 calendar
years B.P. (5), that is, also significantly
earlier than the first temperature increase in
Greenland (Fig. 2). Accordingly, the cli-
mate of the high latitudes in the Northern
and Southern hemispheres show strong re-
gional contrasts.

To compare this asymmetric evolution
of the polar climates with the evolution of
the subtropical monsoons, we used data (6)
from core 74KL from the upwelling area of
the western Arabian Sea (Fig. 1), where
five abrupt 8'%0 changes have been ob-
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Fig. 1. Areas affected by monsoon precipitation
(gray region) (equal area projection, modified from
IGCP-349 planning report) and by precipitation
derived from the Atlantic-European westwind drift
(eastern extent marked by heavy curve). Drilling
locations of the Greenland ice-core projects (GRIP
and GISP2) and sediment core 74KL are shown
for reference.

served and dated by an accelerator mass
spectrometry (AMS) C chronology (7);
the major 8'80 events are centered at
16,000, 11,450, and 9900 calendar years
B.P. Our proxy indicator for aridity and
humidity in Arabia is the abundance of
terrigenous matter (6), which is largely eo-
lian, being today derived from Arabian
desert dust settling from mid-tropospheric
northwesterly winds during summer (8),
with some minor contributions from East
Africa and the Persian Gulf region (9, 10).
During glacial times, much larger propor-
tions of dust were also derived from the
Persian Gulf area and northern India (10,
11). Proxy indicators of southwest monsoon
strength are cadmium (Cd) and barium
(Ba) content, which reflect the flux of or-
ganic matter from the southwest-monsoon—
driven upwelling in the western sector of
the Arabian Sea (11, 12). The variations of
these tracers in core 74KL record 18,000 to
16,500 calendar years B.P. as a late glacial
minimum in the intensity of southwest-
monsoon—driven upwelling productivity,
paralleled by maximum dust flux, and thus,
maximum aridity in Arabia (Fig. 2).

This interval of low southwest-mon-
soon intensity coincides with Heinrich
layer 1 (HL1), the time of massive iceberg
discharge from the Laurentide Ice Sheet
into the western and central Atlantic, dat-
ed at 14,800 to 13,500 '*C years ago (13)
[corresponding  roughly to 18,300 to
17,000 calendar years B.P. (14)]. Major
iceberg surges in the Norwegian Sea orig-
inated from the Barents Shelf 14,200 to
13,200 "C years B.P. (17,700 to 16,700
calendar years B.P.) (15), just within HL1.
Accordingly, the initial decay of the Fen-
noscandian Ice Sheet occurred at the same
time or slightly after the breakup of the
Laurentide Ice Sheet. A close connection
between the Atlantic Heinrich layers and
the Asian winter monsoon has already
been documented by strong loess transport
in central China during times of all Hein-
rich layers (16); our data show that these

74KL
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Fig. 2. Age correlation between abrupt climatic changes in Greenland (GISP2 ice core) and those in the
monsoon region (74KL). Methods and units are described in (6, 26). The 8'%0 data and age model for
GISP2 are from (3, 34, 39). The 5'80 data were resampled at 150-year intervals and represent the input
data for the cross-spectral analysis (Fig. 4). Stippled bars indicate times of abrupt events in monsoonal
climate in U/Th-adjusted '#C years (7). The age of HL1 is from (73). The continuous line without markers
in the REE plot shows the amplitude variations in Fig. 5. The U/Th adjustment of the "*C dates for core
74KL follows the procedure of Bard et al. (74) and is documented in (7). Bard et al. (40) recently showed
their older (74) U/Th adjustment scheme to produce ages 500 years too old for glacial ages >18,000
calendar years B.P. To keep the stratigraphy of this paper consistent with our older papers (7, 17), we

have used the ages as published in (7).

teleconnections also existed in the sum-
mer season. Unresolved is the question of
whether the connection is mediated by
the intensity of Asian winter, winter to
summer snow depth (17), or a true tele-
connection during the summer season.

The rapid reduction of terrigenous mat-
ter in core 74KL at 16,000 calendar years
B.P., near the end of HL1, should reflect a
reduction of dust flux from Arabia paral-
leling a general increase of humidity on
the peninsula. The same transition was
reflected in East African lake levels (18),
global atmospheric methane levels (Fig.
2), and an increase in temperature and
decrease in dust content over Antarctica
(5). Apparently, the Southern Hemispher-
ic polar climate had a tight connection to
the climate of the subtropics during this
early event of monsoon intensification, at
a time when Greenland was still under full
glacial conditions.

The next event in the monsoonal cli-
mate, at 14,500 calendar years B.P., was not
clearly visible in the Globigerinoides ruber
3180 record of 74KL (7) but is poorly yet
significantly defined in the upwelling (Ba)
and dust flux (terrigenous) record (Fig. 2).
This event was the most pronounced
change in climate over Greenland, the
Bolling transition (3), but was not observed
over Antarctica (5). The Allergd and
Bglling interval reveals a southwest-mon-
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soon intensity well below that during the
Holocene. The Younger Dryas is barely ob-
servable in the record of upwelling (Ba) but
is associated with an increase of terrigenous
matter, mainly of those proportions that
were also abundant during glacial times,
derived from the Persian Gulf area or trans-
ported from Pakistan and India by strong
northeast-monsoon winds (11, 19). Later,
at the end of the Younger Dryas, the inten-
sity of the summer southwest monsoon in-
creased greatly at 11,450 = 150 calendar
years B.P. (Ba, Fig. 2), paralleled by a sharp
reduction of dust flux, mainly of those pro-
portions derived from the north (11). This
climate transition during both winter and
summer appears to coincide with the major
climatic amelioration in the North Atlantic
region and Europe (20) dated at 11,650 =
150 calendar years B.P. in the Greenland
ice cores (Fig. 2). This change is, however,
barely visible in the Antarctic temperature
record (5). A subsequent increase in mon-
soon intensification at 9700 calendar years
B.P. has no clear corresponding pattern in
the North Atlantic nor in the Antarctic
climate (Fig. 2). The Greenland tempera-
ture increase reached its Holocene level at
this time, but temperatures over Antarctica
were already beginning to decrease.
Discussion about the possible forcing
mechanisms of abrupt climate change on
time scales of decades and centuries has
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highlighted three mechanisms that are re-
garded as having the greatest potential to
affect climate on a global scale (21): (i)
fresh water fluxes into the North Atlantic
effecting the northward flow of heat-ex-
porting ocean surface currents and the ther-
mohaline-driven conveyor belt of the deep-
ocean circulation, (ii) internal oscillations
in the stability of the Laurentide Ice Sheet,
with effects on scenario (i), ice sheet topog-
raphy, and atmospheric wind trajectories,
and (iii) variations in the atmosphere’s wa-
ter-vapor content, the most effective green-
house gas.

The observation that not all abrupt cli-
mate changes are synchronous between
Antarctica and Greenland but that the sub-
tropical monsoon climate shares features
with the climatic evolution in both polar
hemispheres suggests that the cause of
large-scale climatic changes might lie in the
low latitudes, possibly mediated to the high
latitudes by means of water vapor export. In
contrast to atmospheric CO, and methane,
which have long residence times in the
atmosphere and are mixed to globally sim-
ilar concentrations within a few years, water
vapor is regarded as having the largest po-
tential to cause hemispherically asymmetric
heating effects (22).

The synchroneity and geographical ex-
tent of events alone do not allow us to draw
any conclusive inference on the physical
cause of events. Thus, we explored if the
events in the monsoonal record also have
an oscillatory nature, similar to the 2000- to
3000-year Dansgaard-Oeschger cycles of
the North Atlantic and Greenland climate
(23).

The geochemical upwelling records of
Ba (Fig. 2) and Cd (11) and the Globigerina
bulloides abundance (24), a faunal upwelling
indicator (25), reveal periodicities of 1785
and ~1150 years in core 74KL (Fig. 3, A
and B). The abundance of terrigenous mat-
ter, specifically dolomite [a tracer of dust
from the Persian Gulf area (10)] and Mg
content, which reflects changes in dolo-
mite- and palygorskite-rich summer dust
discharge by northwesterlies from north
Arabia, show a period near 1450 years (Fig.
3, Dand E), which is still more pronounced,
and visually apparent, in the abundance of
the rare earth elements (REEs) when spec-
tra are prewhitened (Fig. 3F) (26). A 2800-
year period is also embedded in the varia-
tions of REE content, almost blanketed in
the prewhitened spectra of Fig. 3, but dom-
inating in the unprewhitened cross-spectra
of Fig. 4. The highest significant period in
the 74KL record is near 1000 years, for
example, in the REE record or rubidium
(Rb) to aluminum (Al) ratio (Figs. 3 and
5).

Pestiaux et al. (27) reported suborbital
periodicities at 4600 and 2300 years in the
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Fig. 3. Prewhitened spectra (0.8
level) of geochemical tracers in
sediment core 74KL. Upwelling
tracers: (A) Cd content (south-
west-monsoon-driven  upwell-
ing) and (B) Globigerina bulloides
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Fig. 4. Cross-spectra (lower solid trace) between
REE element abundance (26) in core 74KL (rela-
tive variation indicated by crosses) and 880 of ice
in the GISP2 ice core (3, 34) (relative variation
indicated by upper solid trace), using the time
scale of (39). The period is measured in thousands
of calendar years, and the frequency is the inverse
of the period. Sample spacing in core 74KL is 200
to 250 years, resampled at 150 years. Sample
spacing in the GISP2 record is also at 150 years,
but values are averaged for intervals spanning 100
years (resolution of the raw data is based on a 2-m
sampling interval, translating to 5-year resolution
during the Holocene, continuously decreasing to
150-year resolution during the last glacial maxi-

mum). To account for the smoothing effect of bioturbation in deep-sea core 74KL, the GISP2 §'80 data

were also smoothed with a 3-point average.

Indian Ocean hydrography, which were ex-
plained as combination tones of the orbital
precessional and obliquity cycles, represent-
ing an internal but nonlinear response of
the monsoon system to solar forcing (28). A
similar 2200-year periodicity was reported
from the Oman margin (29) and attributed
to interactions between oceanic circulation
changes and atmospheric #C variations,
which show a 2300-year periodicity (30).
Higher frequency periodicities (1610 to
1800 years, 1150 to 1280 years, and 880 to
960 years during Termination II and III),
similar to those we see, were reported from
paleotemperature variations in the up-
welling off west Africa (31) and from veg-
etation changes in the southeastern United
States (32) (1224-year and 1425-year peri-
ods). The 1450-year and 1150-year periods
have also been found in the 8'*0 (temper-
ature) record of the Camp Century ice core
in Greenland (33). Thus, all of the frequen-
cies observed in the monsoonal climate ap-
pear to be part of global climate oscillations.
Oscillations in a high-resolution, 16,500-
year 8'%0 record from the GISP2 ice core
reveal various periodicities below 1000 years
and 1050-year and 3300-year periods during
SCIENCE  ©
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the periodicity range of our study (34). A
cross-spectral analysis of the REE abundance
in core 74KL and 8'%0 of ice in the GISP2
record reveals coherency well above the
80% significance level in the 2800- to 3300-
year band (Fig. 4), whereas Cd content and
3180 in the ice is coherent in the 1000- to
1150-year band. Phase relations between the
ice and monsoon records were not calculat-
ed because the age model of the GRIP and
GISP2, which agree very well for the last
16,500 years, show inconsistencies for the
time before 16,500 years B.P.

Instead, we further filtered the 74KL
records at all major periodicities to obtain
the variations of their amplitude (Fig. 5).
The 1785-year and 1150-year periods in
variations of surface water nutrient content
(Cd) become fully developed only after the
transition from the Younger Dryas to the
Holocene at 11,450 calendar years B.P.
(Fig. 5, A and B); respective filter series of
the Globigerina bulloides abundance show
the same pattern. The 1450-year period in
dust flux, in contrast, was operating contin-
uously (Figs. 4 and 5C), as was the 950-year
period in Rb/Al, monitoring winter dust.
All amplitude variations show a maximum
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Fig. 5. Sinusoids of filtered periods; (A) 1785-year
period in the Cd record (surface-water nutrient
content), (B) 1150-year period in the Cd record,
(C) 1450-year period in Mg record (dust discharge
by Arabian northwesterlies), and (D) 950-year pe-
riod in Rb/Al record (dust discharge by the north-
east monsoon).

at 10,000 calendar years B.P. during the
time of maximum solar insolation at sub-
tropical northern latitudes (Fig. 2) (35). In
particular, the envelope of the 1450-year
amplitude variations for Mg (Fig. 5C) ap-
proximates a precessional oscillation. This
observation and our finding that almost all
sub-Milankovitch periodicities observed in
Arabian Sea deep-sea cores are harmonic
tones (4600 X 5 = 23,000; 3300 X 7 =
23,100; 2300 X 10 = 23,000; 1785 X 13 =
23,205; 1450 X 16 = 23,200; and 1150 X
20 = 23,000 years) of the Earth’s preces-
sional cycle [average of 23,070 years (36)]
suggests that these periodicities could be an
internal response within the monsoon cli-
mate system to its major forcing, the pre-
cessional cycle of solar insolation strength
(12, 37), a mechanism having been also
identified for climate variability in the
10,000- to 12,000-year band in deep-sea
cores from the equatorial Pacific and At-
lantic (28).

The amplitude of all high-frequency
oscillations observed in the monsoonal
climate reveal a coherent and in-phase
increase toward maximum values during
all major abrupt events of monsoon inten-
sification (16,000, 14,500, 11,450, and
9700 calendar years B.P.) (Fig. 5). We
cannot definitively conclude from our
data whether this relation between events
and oscillations is just a coincidence or if
there is an underlying physical cause-ef-
fect relation. The hemispheric asymmetry

of the teleconnections during abrupt
events, as well as the occurrence of the
same periodicities in various regions, sug-
gests a possible relation between past
abrupt climate change and internal oscil-
lations in the global climate system, a
mechanism likely to be enforced by the
precessional cycle of variations in solar
insolation strength at low latitudes.
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